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Effects of lattice relaxation, quantum motion, and uniaxial strain on the internal field at a positive-muon site in iron have been calculated. The uniaxial strain gives rise to a statistical shift of the muon population at interstitial sites. The effect of the population shift is found to be primarily responsible for the observed changes in the muon-precession frequency. The theory also predicts a Ij T temperature dependence of the frequency shifts.
In this Rapid Communication we report the first ab initio calculation of the energetics of a positive muon p, + in uniaxially strained iron. Using a self-consistent procedure based on the effective-medium theory' we show that the otherwise degenerate energy states of an interstitial muon are split when stress is applied along the (100) direction which is also the axis of magnetization.
This splitting induces a statistical population shift between magnetically inequivalent interstitial sites. Consequently, the dipolar interaction between the muon and iron spins gives rise to a shift in the muon-precession frequency. Other interactions of the muon spin with the environment have been found to be negligible. The calculated change in the muon internal field 98"agrees well with experiment both in magnitude and sign. We also find 98~to be strongly temperature dependent.
For T) 77 K, r)B"~M( )T/ ITto within an accuracy of 1%, where M, (T) is the temperature-dependent host magnetization.
Our theory takes into account the distortions of host atoms due to p, + self-consistently. The effect of the muon zero-point motion on the average dipolar field is included in the calculation and found to be large. We begin by summarizing the salient features of our calculation. Following Sugimoto and Fukai we write the total energy of the muon-metal system in the adiabatic limit as E( {G(R)},p) = E ( {G(R)}) + E"( {tI(R)}) where {11(R)}is the set of host atom displacements, EL the energy stored in the strained lattice, and E" the muon energy eigenvalue. Minimizing
Eq. (5) with respect to the muon degree of freedom leads to the muon Schrodinger equation (6) V( r ) is the potential-energy field sensed by the muon. It arises from the "embedding" interaction between the impurity quasiatom (muon) and the host. The construction of V( r ) in Eq. (6) is discussed below. In the harmonic approximation, the lattice energy EL is expressible in terms of the dynamic matrix of the solid. Following the Kanzaki formalism, we can evaluate the atomic displacements u (and the elastic energy EL ) in terms of the lattice Green's func- Table I . The octahedral site seems to be energetically favorable. Both the lattice relaxation and the muon zero-point motion affect the average dipolar field seen by the muon. The lattice relaxation tends to increase the symmetry of the interstitial site and decrease the dipolar field.
In the octahedral site the muon distribution extends towards the neighboring tetrahedral sites, as shown in Fig. 2 (11) is smaller than the field at the center of the octahedral site. In the tetrahedral site the effect of the zero-point motion is smaller. The results are given in Table I no="drP, (r)no(r) J d3rg, (r)
We then proceed systematically in perturbation theory and obtain (for more details, see Ref. 12) In calculating the dipolar field the change in the atomic positions due to the strain was neglected. Actually, the atomic displacements make the average field over different interstitial sites nonzero, -7.1 G/100 microstrain for the octahedral site, and -2.3 G/100 microstrain for the tetrahedral site. However, these numbers will be reduced as a result of the lattice relaxation around the muon and also the muon zero-point motion to about -2 G/100 microstrain and -I G/100 microstrain, 1 cspcctlvcly.
In conclusion, we have made a first-principles calculation of the effects of lattice relaxation, zero-point motion, Bnd uniaxial strain on the average dipolar field seen by a muon ln iron. Thc results indicate that ln magnetic materials where the muon is localized, the lattice relaxation and muon zero-point motion will significantly change the dipolar field and thus the muon-precession frequency. Calculation of the Bvcragc dlpolar field ln uniaxlally stlaincd lion ls ln good agreement with the experimental result at room temperature. In order to establish the origin of the muon frequency shift under strain unambiguously, experiments should be performed at different temperatures and for strain along othe~directions.
It is hoped that such experiments will soon be carried out.
